The aim of this study was to quantify free fatty acid in cottonseed oil (Gossypium) variety by a chemometric approach using Fourier transform infrared spectroscopy. Calibration standards were prepared by gravimetrical mixing of oleic acid (0.1-40 g/100 g) in neutralized cottonseed oil containing <0.1% free fatty acids. Fourier transform infrared technique coupled with partial least square and principle component regression models were used to develop calibrations in the specific absorption region of carbonyl between 1690-1727 cm −1 . On the basis of regression coefficient and evaluated free fatty acids results with comparison to titration method, partial least square was found to be more accurate than principle component regression calibration model. All the analyzed cottonseed oil varieties showed high content of free fatty acids in the range of 17.1-38.5%. The results of the present study indicated that Fourier transform infrared method in combination with partial least square or principle component regression could be used as a greener alternative to the standard titration method.
Introduction
Cotton is an important fiber crop of global significance grown in tropical and sub-tropical regions of more than 80 countries. [1] Cultivation of cotton differs markedly from one country to another, depending on the degree of mechanization and seed varieties. [2] Current estimates for world production are about 25 million tons per anum, accounting to 2.5% of the world's arable land. Hence, the Republic of Pakistan, the United States, India, China, and Uzbekistan are the largest producers of cotton. [3] Cotton is Pakistan's main industrial crop grown on 15% of the country's arable land. Pakistan is the fourth largest producer and third largest consumer of cotton, in addition to this largest exporter of cotton yarn in the world.
There are many cottonseed varieties in the world. It has been reported that there are two genetically distinct groups of cottonseed available, known as American and the Asiatic cotton. [4] Cottonseed is a by-product of cotton and difficult to process due to its unique seed structure and high content of natural pigment. Cottonseed yields approximately 16% oil, and generally consists of 70% unsaturated fatty acids (18% monounsaturated, and 52% polyunsaturated), 26% saturated fatty acids, and 4% glycerol, although the quantity of the fatty acids in cottonseed oil vary over wide ranges. [5] Cottonseed deteriorates upon storage, with the result that the content of free fatty acids (FFAs) in the seed oil increased and the color of the oil in the seeds darkened. This increase in FFAs content is reflected in a higher refining loss during the processing of the crude oil and the darkened color of the oil reduces its desirability as an edible product.
FFA content is one of the most frequently determined quality indices during edible oil production, storage, and marketing. It is a measure of the extent to which hydrolysis has liberated fatty acids from their ester linkage with the parent triglyceride molecule. [6] Edible oils undergo various processing steps to reduce FFA content. [7] In general, FFAs are determined by the titration method. Although the titration method is sensitive, it involves toxic chemicals; furthermore, there are some chances of errors in determination of the end-point of dark colored or crude oils. [8] To avoid these common problems, number of instrumental methodologies have been developed in the last few decades such as colorimetric, [9] voltammetric, [10] flow injection, [11] gas and liquid chromatography, [12, 13] and infrared spectroscopic. [14] Compared to other instrumental techniques, infrared spectroscopy was found to be rapid, non-destructive, and an easy technique.
In the field of lipid chemistry, infrared spectroscopy with chemometric approach has been successfully applied for the determination of various parameters of oils and fats such as peroxide, [15] trans fatty acids, [16] adulteration, [17] fatty acid composition, [15, 18] fatty acid ratio, [19, 20] classification and authentication, [21] conjugated diene and triene, [22] tocopherols, [23] and FFAs. [24, 25] The objective of this study was to quantify FFA content in crude oil present in different cottonseed varieties available in Pakistan by using single bounce-attenuated total reflection (SB-ATR) Fourier transform infrared (FTIR) spectroscopy with chemometric approach.
Material and methods

Reagents and samples
All reagents used were of analytical grade. Oleic acid (99%) and sodium hydroxide were purchased from Fluka Chemie GmbH (Buchs, Switzerland). Hexane and ethanol were obtained from Merck (Darmstadt, Germany). Seeds (~3 Kg) of cotton plants of various gossypium species were collected from Cotton Research Institutes of Agricultural Department, Tandojam, Hyderabad, Pakistan.
Moisture determination
Roughly 10 g of cottonseed was weighed in a tared Petri dish, placed in an oven, and dried at 105°C for 3 h. The Petri dish was removed from the oven and covered immediately. It was then cooled in a desiccator for 30 min containing efficient desiccant and weighed as reported in standard method. [25] Oil extraction About 20 g of ground seed was soaked in 200 mL of n-hexane at 70°C, oil was extracted by Soxhlet apparatus following the American Oil Chemists Society (AOCS) method. [25] For quantitative determination of oil from the seeds of various cottonseed species, the fixed oil was pooled and concentrated in a rotary evaporator (Buchi Rota vapor-RE 111), then placed in a vacuum oven at 105°C for 15 min, cooled in a desiccator, and refrigerated until further analysis.
FFAs content
FFAs content of the cottonseed oil was determined by standard titrimetric method following the AOCS method. [25] Preparation of FTIR calibration standards A set of 10 calibration standards covering a FFAs range of 0.1 to 40 g/100 g were prepared by gravimetric addition of oleic acid to neutralized cottonseed oil containing <0.1% FFAs. Infrared spectra were acquired using a Thermo Nicolet 330 FTIR spectrometer (Thermo Nicolet Analytical Instruments, Madison, WI) equipped with a deuteratedtriglycine sulfate (DTGS) detector. An SB-ATR accessory with a removable ZnSe crystal was mounted in the sample compartment. The FTIR controlled by OMNIC software (version 7.2) and dataset was collected between 4000 and 650 cm −1 by co-addition of 32 scans at a resolution of 4 cm −1 . The fresh background spectrum from the bare ATR crystal was recorded and subtracted from each standard or sample spectrum. The ATR crystal was carefully cleaned with n-hexane followed by acetone to remove any residues of previous samples.
Chemometric analysis
Chemometric analysis such as partial least squares (PLS) and principal component regression (PCR) were carried out using Turbo Quant (TQ) analyst 7.2 software package from Nicolet (Madison, WI, USA). The spectra of standard FFAs calibrations in combination with reference FFAs values were incorporated in the software to develop PLS and PCR calibrations in the range of 1727 to 1690 cm −1 .
To assess the capability of the models to fit the calibration data and to calculate the deviation of the models, root mean square error of calibration (RMSEC), root mean square error of cross-validation (RMSECV), and root mean square error of prediction (RMSEP) were used as previously described. [22] Results and discussion
Moisture and oil content
The low moisture content in any vegetable oil is beneficial in terms of storage stability and can be preserved for a longer periods. In the present study, the moisture content in all cottonseed varieties was determined in the range of 6.27-8.55%. The cottonseed varieties contain total oil content in the range of 12.01-14.55% with an average of 13.34%.
Quantification and classification using FTIR spectroscopy Figure 1 provides an idea about FTIR normal spectra of two cottonseed oils (low and high FFAs), arising from the absorption of functional groups present in the oils. The assignment of each peak and shoulder is given in the Table 1 as reported earlier. [27, 28] It can be seen that both cottonseed oil spectra are quite comparable and the spectral features can be correlated with the main components of edible oils specially triacylglycerol. On the other hand, there was a considerable difference between both spectra in terms of peak intensity, in particular at frequency of 1710 cm −1 . For infrared quantification of FFAs, this peak is important and demonstrates the carbonyl region. For the determination of FFAs two models PLS and PCR were developed to calculate the level of FFAs in different cottonseed varieties. Generally TQ analyst software automatically selects the frequency regions (if the region of interest is unknown) for quantitation of different parameters of oil and fat; furthermore, the confirmation is made by observing the variations occur between the spectra. In the present study, the absorption of a FFAs band at 1710 cm −1 in the range of 1727-1690 cm −1 corresponding to carbonyl region of FFA was selected for the calibration purpose. Calibration standards were prepared in the range of 0.1-40 g/100 g to cover the wide range of FFAs.
Multivariate calibration is different from univariate calibration in experimental data. The experimental data in univariate calibration consists of one variable rather than several variables in multivariate calibration. PLS and PCR are the most common multivariate used in chemometrics. In this study both PLS and PCR models were used to generate calibration. For the PLS and PCR models out of ten calibration standards, three of them were used as a validation points and seven used as a calibration points in both models (selected randomly by TQ software). In Fig. 2a and 2b , the x-axis shows the actual standard values (prepared) calibration standards and y-axis shows the calculated values (FTIR) predicted ones in the calibration and validation sets. Figure 3 shows the expanded form of calibration standards in the range of 1727-1690 cm −1 . Table 2 shows the quality parameters of developed PLS and PCR models which include R 2 , RMSEC, RMSEP, and performance index (PI). In both models, same spectral regions 1727-1690 cm −1 were selected, while slight change in the 1425-1409 =C -H (cis) 1416 [27] Bending (rocking) 10 1382-1371 -C -H (CH3) 1377 [27] Bending (sym) 11
1290-1211 -C -O -CH2-1238 [27] Stretching Bending 12
1211-1147 -C -O 1160 [27] Stretching -CH2-Bending 13
1128-1106 -C -O 1117 [27] Stretching 14
1106-1072 -C -O 1098 [27] Stretching 15
1006-929 -HC = CH-(trans) 967 [27] Bending (out of plane) 16 929-885 -HC = CH-(cis) 916 [27] Bending (out of plane) 17
885-802 =CH2 843 [28] Wagging 18 754-701 -(CH2)n-721 [27] Rocking bending (out of plane) -HC = CH-(cis) Similarly, in the PCR model, three principle components (PCs) were selected by the TQ software. Both models represented higher R 2 values (close to 1), in comparison PLS model showed superiority over PCR model in terms of lower RMSEC and RMSEP. The overall performance of both models was evaluated in terms of PI by the TQ software. It was observed that PLS model for FFAs determination showed higher PI in comparison to PCR model 98.9 versus 97.2. Table 3 presents results of FFAs in different cottonseed oil varieties as determined by AOCS titrimetric method and developed FTIR method based on the PLS and PCR approaches. All of the cottonseed varieties contained elevated levels of FFAs ranging from 17.1 to 38.5% on the basis of PLS results. The possible reason of higher FFAs in the oil is the deterioration of cottonseed upon the storage conditions, which results in the higher contents of FFAs in the seed oils. The PLS model showed comparable results to the titration method with small percentage relative difference as compared to PCR model results. It can be assumed that FTIR combined with chemometric especially PLS model offers the reliable and accurate alternate for the analysis of FFAs.
Conclusion
The FTIR spectroscopic procedure has advantage over standard AOCS titrimetric method in terms of simplicity and speed of analysis for the quantification of FFAs in cottonseed oil. In the current study, the PLS and PCR models were applied to quantify FFAs, comparatively, the PLS model showed better results over the PCR model. The cottonseed varieties were stored for 7 months for the distribution to growers for germination, therefore, all cottonseed varieties showed higher FFA contents (>17%) in the extracted oils. Percentage relative difference (PRD) = (Titration − FTIR) /FTIR × 100.
